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The existence of a second Higgs doublet in Nature could lead to a cosmological first order elec-
troweak phase transition and explain the origin of the matter-antimatter asymmetry in the Universe.
We obtain the spectrum and properties of the new scalars H0, A0 and H
± that signal such a phase
transition, and show that the observation of the decay A0 → H0Z at LHC would be a ‘smoking gun’
signature of these scenarios. We analyze the LHC search prospects for this decay in the ℓℓbb¯ and
ℓℓW+W− final states, arguing that current data may be sensitive to this signature in the former
channel as well as there being great potential for a discovery in either one at the very early stages
of the 14 TeV run.
A key goal of the Large Hadron Collider (LHC) physics
programme is to reveal the structure of the sector respon-
sible for electroweak symmetry breaking (EWSB) in Na-
ture. While ongoing analyses show that the properties
of the newly discovered Higgs particle [1, 2] are close to
those expected for the Standard Model (SM) Higgs boson
h, it still needs to be determined whether the scalar sec-
tor consists of one SU(2)L doublet or has a richer struc-
ture, containing additional states. Scenarios with extra
scalar doublets are very well-motivated, naturally arising
both in the context of weakly coupled completions of the
SM, like the Minimal Supersymmetric Standard Model
(MSSM) (for a review of EWSB in the MSSM, see [3])
and its extensions, and in strongly coupled ones, such
as Composite Higgs scenarios [4]. Moreover, simple ex-
tensions of the SM scalar sector like Two-Higgs-Doublet-
Models (2HDMs) could address an important open ques-
tion at the interface of particle physics and cosmology,
namely the generation of the cosmic matter-antimatter
asymmetry, via Electroweak Baryogenesis [5–8].
The implications of 2HDMs for electroweak physics
and LHC searches have been widely studied in the lit-
erature (see, e.g. [9–12, 14–19]). An important aspect,
with a big impact on searches for the second Higgs dou-
blet at LHC, is the mass spectrum of the new states Si:
a charged scalar H± and two neutral scalars H0, A0.
In the MSSM, and generically in 2HDMs arising from
weakly coupled completions of the SM, the mass split-
tings ∆mi among these scalars are small, ∆mi ≪ v, with
v = 246 GeV the electroweak (EW) scale. The heavier
the new scalar states, the more compressed their mass
spectrum. In particular, for the MSSM the splittings
∆mi are smaller than the mass of the gauge bosons W
±
and Z, and the decays Si → ZSj or Si →W±Sj are not
kinematically allowed. The observation of these decays
at LHC would point to a very different kind of 2HDM.
However, while these decays have already been consid-
ered [17, 19], such scenarios remain largely unexplored
and are not currently a part of the main LHC search
programme.
In this letter we show that the decay A0 → ZH0
is the signature of a strongly first order electroweak
phase transition (EWPT) in 2HDMs, as needed for Elec-
troweak Baryogenesis. We then show that, while current
2HDM by ATLAS and CMS collaborations are not tai-
lored to probing these scenarios, searches for the decay
A0 → ZH0 are promising at the 14 TeV run of LHC in
the ℓℓ bb¯ and ℓℓW+W− channels. This signature could
then provide a connection between the generation of the
cosmic matter-antimatter asymmetry in the Early Uni-
verse and searches for new physics at LHC.
The letter is organized as follows: in section I we
briefly review 2HDMs and analyze how the strength of
the EWPT depends on parameter space for these mod-
els. In section II we discuss the connection between the
decay A0 → ZH0 and the strength of the EWPT, and in
section III we analyze the LHC search prospects in the
ℓℓ bb¯ and ℓℓW+W− channels. We conclude in section IV.
I. 2HDMs and the Electroweak Phase Transition
The scalar sector of a 2HDM contains two scalar dou-
blets Φ1,2, and its physical spectrum consists of a charged
Higgs H±, two Charge-Parity (CP)-even scalars h and
H0, and a CP-odd scalar A0 (we assume, for simplicity,
no CP violation in the scalar sector). We identify the
lightest CP-even Higgs h with the scalar resonance re-
cently observed at the LHC, i.e. we fix mh = 125 GeV.
The remaining physical parameters in the scalar poten-
tial are: the masses mH0 , mA0 , mH± ; two angles β and
α, the former begin related to the ratio of vacuum expec-
tation values (vev) of the two scalar doublets v1,2 (with
v21 + v
2
2 = v
2) and the latter related to mixing between
CP-even states; and a dimensionful parameter µ (for a
review of 2HDMs, see e.g. [9]). We define α such that,
when α = β, the state H0 decouples from gauge bosons,
and h has SM-like properties (the alignment limit ; see
[20] for a more detailed discussion).
In general the existence of two scalar doublets Φ1,2
coupling to fermions opens an undesirable window for
flavour changing neutral currents at tree-level. This can
be avoided by imposing a Z2 symmetry, softly broken
by the µ parameter in the scalar potential, which forces
2each fermion type to couple to one doublet only [21]. By
convention, up-type quarks always couple to the second
doublet, but which doublet couples to leptons and down-
type quarks may vary. We will focus here on the so-
called Type I model, in which all fermions couple to the
same doublet. Another scenario is the so-called Type II
model, where down-type quarks and leptons couple to a
different doublet from up-type quarks, and of which the
scalar sector of the MSSM is a particular instance.
In order to study the strength of the EWPT in 2HDMs,
we perform a Monte Carlo scan over a wide range ofmH0 ,
mA0 , mH± , tanβ, α − β and µ using an in-house nu-
merical code developed in [20]. The code is interfaced
to 2HDMC [22] and HiggsBounds [23] to select points
in parameter space that satisfy unitarity, perturbativ-
ity, electroweak precision constraints and collider bounds.
Stability of the potential is checked at 1-loop level by re-
quiring that the electroweak minimum (i.e. the one for
which v21 + v
2
2 = v
2) be the deepest minimum of the ef-
fective potential [20]. As for flavor constraints, for the
Type I model the only relevant one1 comes from b→ sγ,
which we take into account [13]. In addition, the mea-
sured properties of h, impose further constraints on tanβ
and α−β (see e.g. [14]). We note that, while the type of
2HDM considered is irrelevant for the EWPT (since all
types couple in the same way to the top quark), it does
affect constraints from colliders and Higgs properties. We
choose a Type I 2HDM, which is less constrained than
a Type II. The results below show that a strong EWPT
prefers a SM-like state h, and thus 2HDMs with a strong
EWPT also satisfy Type II constraints.
A point in our scan satisfying the above constraints is
called a physical point. For each of them, the strength of
the EWPT is computed via the thermal 1-loop effective
potential by increasing the temperature until a point is
reached when the potential has two degenerate minima,
which then defines the critical temperature Tc. The phase
transition is considered strong when vc/Tc ≥ 1 [25, 26],
with vc the magnitude of the broken vev at Tc (see [20]
for details).
In Figure 1 we show the heat-maps of physical points
(left) and points with a strongly first order EWPT (right)
in the planes (mH0 , α− β) and (mH0 ,mA0). Altogether,
a strong EWPT, as needed for Electroweak Baryogenesis,
favours the light Higgs state h to have SM-like properties,
i.e. small α−β and moderate tanβ [20, 24]. The range of
α− β leading to a strong EWPT shrinks as the CP-even
state H0 becomes heavier. This can be understood from
the fact that away from the alignment limit α ≃ β, both
h and H0 “share” the vev v, i.e. both participate in the
EWPT, and the phase transition becomes weaker as the
1 The points excluded by other constraints, in particular B0 − B¯0
mixing and Z → bb¯, are also excluded by b→ sγ.
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FIG. 1. Heat-maps for the physical region (left) and region
with a strongly first order EWPT (right). Top: (mH0 , α−β)-
plane. Bottom: (mH0 ,mA0)-plane. The dotted-black line
corresponds to mA0 = mH0 +mZ .
states participating in it get heavier (see e.g. [26]). In
addition, Figure 1 shows that a strong EWPT in 2HDMs
scenarios strongly favours a rather heavy CP-odd scalar
state A0 (mA0 > 300 GeV), together with a large mass
splitting mA0 −mH0 & v.
As we discuss in the next section, these results point
towards the A0 → ZH0 decay channel as a ‘smoking gun’
signature of 2HDMs with a strong EWPT, to be searched
for at the upcoming 14 TeV run of the LHC.
II. The Decay A0 → Z H0
Current 2HDM searches at LHC are mainly motivated
by the MSSM, where scalar mass splittings are dictated
by the gauge couplings and do not exceed mZ . The
decays Si → ZSj (for Si ∈ H0, A0) are not kinemati-
cally allowed, and ATLAS/CMS searches are thus not
tailored to them. Most searches so far have focused on
H0 → W+W− [27, 28] and H0 → ZZ [29, 30], or on
the search of the CP-odd state via A0 → τ+τ− [31] and
A0 → Zh [32, 33].
Our results from the previous section show, however,
that a strong EWPT in 2HDMs strongly favours a heavy
CP-odd state A0 with a mass splittingmA0−mH0 & v, in
addition to α ∼ β (although a small departure from this
limit is allowed). The decay A0 → ZH0 is then strongly
favoured both due to the large amount of phase space
available, and because the coupling gA0ZH0 ∼ cos(α −
β) is unsuppressed in the alignment limit. In contrast,
the coupling gA0Zh ∼ sin(α − β) vanishes in that limit,
and the decay A0 → Zh is further suppressed due to
A0 → ZH0 remaining dominant away from alignment
(see Figure 2).
The competing decay channels would then be A0 → tt¯
and possibly A0 → W±H∓. The former is suppressed
as (tanβ)−2, which is moderate in the scenarios under
3discussion, and is anyway subdominant for mA0−mH0 &
v (Figure 2, top). The latter will depend on the splitting
mA0 −mH± . Electroweak precision observables require
the charged Higgs H± to be relatively close in mass to
either H0 or A0 [34], and as a result the decay A0 →
W±H∓ will be either kinematically forbidden or similar
in magnitude to A0 → ZH0. Our scan for Type I scenario
does not show a strong preference for one case over the
other. For Type II, we expect that A0 → W±H∓ will
be generically disfavoured compared to A0 → ZH0, since
the mass of H± is constrained to be mH± > 360 GeV at
95% C.L. [35]. For the rest of the analysis, we assume
for simplicity mH± ∼ mA0 (for mH± ∼ mH0 , the decay
A0 →W±H∓ may suppress the decay branching fraction
for A0 → ZH0 by a factor ∼ 2 [24]).
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FIG. 2. Top: Main Branching Ratios of the CP-odd scalar A0
as a function of mH0 for mA0 = mH± = 400 GeV, tan β = 2,
µ = 100 GeV, α− β = 0.001π (solid lines) and α− β = 0.1π
(dotted lines). Bottom: Main Branching Ratios of H0 as a
function of mH0 (same benchmark parameters as in top).
In Figure 2 (top) we show the main decay branch-
ing fractions of A0 as a function of mH0 for two bench-
mark points, which represent two prototypical scenar-
ios, henceforth referred to as A and B : mA0 = mH± =
400 GeV, µ = 100 GeV, tanβ = 2, with (α−β) = 0.001 π
and (α − β) = 0.1 π respectively. We observe that for
mA0 − mH0 & v, A0 → ZH0 largely dominates over
A0 → tt¯ and A0 → Zh in both cases. This behaviour
is even more pronounced as we approach the alignment
limit.
As for the subsequent decay of H0, in the alignment
limit the decays H0 → W+W−, H0 → ZZ and H0 → hh
are suppressed, which for the case of a relatively light H0,
as preferred by a strong EWPT (Figure 1, right), leaves
H0 → bb¯ as the dominant decay mode, as shown in Fig-
ure 2 (bottom). As we move away from α = β, the decays
into gauge bosons and h become more important, and for
mH0 < 250 GeV, the decay H0 → W+W− quickly dom-
inates. For mH0 & 250 GeV and small µ this is still the
case, while increasing µ enhances the coupling gH0hh [36]
and consequently H0 → hh, when kinematically allowed.
The above discussion highlights the fact that for
2HDMs with a strongly first order EWPT, the main
search channel at LHC will either be pp→ A0 → ZH0 →
ℓℓbb¯ or pp→ A0 → ZH0 → ℓℓW+W−, depending on how
close the 2HDM is to the alignment limit. These two al-
ternative scenarios are exemplified by our two benchmark
choices, described above.
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FIG. 3. Fraction of ℓℓbb¯ events from Zh vs ZH0 decays, for
mA0 = mH± = 400 GeV, µ = 100 GeV, tanβ = 2.
Before we turn to the search prospects in the ℓℓbb¯
and ℓℓW+W− channels at the 14 TeV run of the LHC
for these two benchmark scenarios, let us remark that
these prototypical scenarios generically evade direct H0
searches. On one side, for α ∼ β, the decay H0 → bb¯
is difficult to extract from the QCD background. On
the other, as we deviate from the alignment limit with
α > β, and for moderate tanβ, the H0 coupling to top
quarks decreases and direct production of H0 in gluon
fusion gets very suppressed, evading searches in W+W−
and ZZ channels.
III. LHC Search for A0 in ℓℓ bb¯ and ℓℓW
+W−
We now determine the search prospects for the sce-
nario discussed above at the LHC using simple ‘cut and
count’ analyses. We first consider the ℓℓbb¯ final state
(see also [19]). This channel is favoured for the nearly
aligned benchmark scenario, A, for which we choose
mH0 = 180 GeV. As shown in Figure 3, the decay A0 →
ZH0 → ℓℓbb¯ largely dominates over A0 → Zh → ℓℓbb¯,
which becomes extremely suppressed and may be safely
disregarded.
The analysis described here was applied to both the 8
and 14 TeV energy stages of the LHC. It was found that
the 8 TeV run could potentially observe the process, our
analysis yielding S/
√
S +B ∼ 3 for 20 fb−1 of integrated
luminosity. We interpret this as the fact that even the
4lower energy LHC data could begin to explore regions
of 2HDM parameter space conducive to a strongly first
order EW phase transition. For example, the analysis
in [37] could be reinterpreted or even modified to search
for this decay mode with intermediatemA0 . In this letter,
we choose to present the 14 TeV analysis, which permits a
clear discovery at the very early stages of the forthcoming
run.
The main SM backgrounds to ℓℓbb¯ are: (i) QCD tt¯
production (with tt¯ → bW+b¯W− → bℓ+νℓb¯ℓ−ν¯ℓ), (ii)
Zbb¯ production (with Z → ℓℓ), (iii) ZZ production (with
Z → ℓℓ, Z → bb¯) and (iv) production of the light Higgs h
in association with a Z boson (with h→ bb¯ and Z → ℓℓ).
We implement the Type-I 2HDM in FeynRules [38, 39],
and use MadGraph5 aMC@NLO [40, 41] to generate
our signal and background analysis samples. These sam-
ples are passed on to Pythia [42] for parton shower-
ing and hadronization, and then to Delphes [43] for a
detector simulation. We rescale the cross sections for
our signal and two dominant backgrounds, Zbb¯ and tt¯,
estimating their respective NLO values via K-factors:
K ≃ 1.6 for the signal (which we compute using Sushi
[44]), K ≃ 1.4 for Zbb¯ [45] and K ≃ 1.5 for tt¯, noting
that the remaining backgrounds become negligible upon
signal selection.
Signal tt¯ Z bb¯ ZZ Z h
Event selection 14.6 1578 424 7.3 2.7
80 < mℓℓ < 100 GeV 13.1 240 388 6.6 2.5
HbbT > 150GeV
HℓℓbbT > 280GeV
8.2 57 83 0.8 0.74
∆Rbb < 2.5, ∆Rℓℓ < 1.6 5.3 5.4 28.3 0.75 0.68
mbb, mℓℓbb signal region 3.2 1.37 3.2 < 0.01 < 0.02
TABLE I. Event selection (see section III) and background re-
duction in the ℓℓbb¯ final state. We show the NLO cross section
(in fb) after successive cuts for the signal A0 → ZH0 → ℓℓbb¯
and the dominant backgrounds tt¯ and Zbb¯, while ZZ and
Zh→ ℓℓbb¯ are shown at LO.
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FIG. 4. mbb (left) and mℓℓbb (right) distributions after anal-
ysis cuts, with the various contributions stacked (for an inte-
grated luminosity of L = 20 fb−1).
For event selection, we require the presence of two iso-
lated (within a cone of 0.3) same flavour (SF) leptons in
the final state with P ℓ1T > 40, P
ℓ2
T > 20 and |ηℓ| < 2.5
(2.7) for electrons (muons), together with two b-tagged2
jets in the event with P b1T > 40, P
b2
T > 20 and |ηb| < 2.5.
Our analysis is presented in Table I, where the rescaled
cross sections (in fb) for the signal (S) and SM back-
grounds (B) are shown after successive cuts. The mbb
and mℓℓbb distributions after cuts are shown in Figure 4,
with the various contributions stacked (for an integrated
luminosity of L = 20 fb−1). We define the signal region as
mbb = (mH0−20)±30 GeV and mℓℓbb = (mA0−20)±40
GeV (a small energy loss from the b-jets due to showering
is expected). Given the results from Table I, we expect
that a discovery value S/
√
S +B = 5 can be obtained
with L ∼ 20 fb−1, considering only statistical uncertain-
ties, while assuming a conservative 20% uncertainty in
the background predictions yields the same significance
with 40 fb−1.
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FIG. 5. mℓℓT (left) and m
4ℓ
T (right) distributions after event
selection, with the various contributions stacked (for an inte-
grated luminosity of L = 40 fb−1).
Away from the alignment limit, signal ℓℓbb¯ final states
come mostly from A0 → Zh (Figure 3), since Br(H0 →
bb¯) ≪ 1. Still, for mH0 . 250 GeV the decay A0 → Zh
is suppressed, which altogether renders the search in the
ℓℓbb¯ final state challenging. In this regime, A0 → ZH0
with H0 → WW → ℓνℓℓνℓ and Z → ℓℓ provides the
best discovery prospects, as we analyze below for our
benchmark B (H0 → ZZ → ℓℓqq¯ is also promising [19],
although the required luminosity for a discovery is much
larger).
The main irreducible SM background to ℓℓWW with
two leptonic W -decays is diboson (ZZ) production with
ZZ → ℓℓℓℓ. Other backgrounds, such as Ztt¯, ZWW and
Zh yield a combined cross section which is < σSignal/4
after event selection. We follow the same selection and
2 We estimate the kinematical dependence of the b-tagging effi-
ciency from a recent CMS performance note [49]. Our acceptance
region is divided into (η, PT ) categories according to Figure 15
of [49]. The efficiency imposed on a jet belonging to a given
category is obtained as the average of the η and PT bins, whose
values range between 60 - 70%.
5analysis procedure as for the ℓℓbb¯ final state, except for
requiring the presence of four isolated leptons (in two SF
pairs) in the final state with P ℓ1T > 40 GeV, P
ℓ2,ℓ3,ℓ4
T > 20
GeV. We further require at least one of the SF lepton
pairs to reconstruct mZ within 20 GeV. The (LO) cross
sections at LHC 14 TeV after event selection for the sig-
nal, ZZ background and the combined rare backgrounds
(Ztt¯, ZWW and Zh) are respectively 0.93 fb, 5.6 fb and
0.25 fb (a ∆Rℓℓ cut or a Z-veto on the remaining SF
lepton pair would further suppress the ZZ background).
Again, we rescale the signal and dominant background
by their respective NLO K-factors (1.35 for Ztt¯ [50] and
1.2 for ZZ [48]). Defining the transverse mass variables
mℓℓT and m
4ℓ
T
(
mℓℓT
)2
=
(√
p2T,ℓℓ +m
2
ℓℓ + /pT
)2
− (~pT,ℓℓ + /~pT )2
m4ℓT =
√
p2T,ℓ′ℓ′ +m
2
ℓ′ℓ′ +
√
p2T,ℓℓ +
(
mℓℓT
)2
(ℓ′ℓ′ are the two SF leptons most closely reconstructing
mZ), a signal region of m
4ℓ
T > 260 GeV (see Figure 5)
allows to extract a clean signal without any further selec-
tion as well as reconstruct the masses of the two particles.
A final signal cross section of 1.41 fb compared to a back-
ground of 1.7 fb reaches a significance of 5 with L ∼ 40
fb−1, which increases to 60 fb−1 when assuming a 20%
systematic uncertainty on the background prediction.
IV. Discussion and Outlook
Uncovering the structure of the SM scalar sector will
be a central task for the LHC in the coming years. This
will have important implications for our understanding
of the mechanism of electroweak symmetry-breaking and
possibly for open cosmological problems such as the ori-
gin of visible matter. Extensions of the SM scalar sector
that address these questions may yield distinctive sig-
natures at the LHC. We have shown in this letter that
the decay A0 → ZH0 is a ‘smoking gun’ signature of
2HDM scenarios with a strongly first order electroweak
phase transition, that could explain the origin of the
matter-antimatter asymmetry in the Universe. We claim
that current 8 TeV LHC data may begin to be sensitive
to such scenarios in the ℓℓbb¯ channel. Furthermore we
demonstrate that search prospects for these scenarios at
the 14 TeV run in both the previous channel as well as
ℓℓWW → ℓℓℓℓ are very promising, with a discovery of the
new scalar states A0 and H0 possible with L ∼ 20 − 40
and 40− 60 fb−1 respectively, thus providing a probe of
electroweak cosmology at the LHC.
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